The Nordland Group in the Southern Viking Graben hosts seismic chimneys, represented by anomalies in seismic data and residual methane accumulations. These anomalies are generally interpreted as focused fluid flow structures, and thus pose the risk of potential fluid leakage by geological subsurface utilization. Our aim was to assess if excess pore pressure, resulting from buoyancy effects due to upward-migrating methane in the Utsira Formation may be responsible for formation of these anomalies. Our hydromechanical simulation results demonstrate that tensile failure in the Nordland Group already occurs before the maximum methane column heights develop in the Utsira Formation below.
Introduction
The Southern Viking Graben hosts some of the main North Sea hydrocarbon deposits in addition to an industrialscale CO 2 storage operation in the Neogene Utsira Formation [1] [2] [3] . In this context, caprock integrity is essential not only for mitigation of potential geogenic greenhouse gas emissions from the Jurassic hydrocarbon source rocks, but also to ensure the fulfilment of the "no leakage" criterion, defined for CO 2 storage operations by the EU CCS directive, Article 18. Regarding the Nordland Group in the Southern Viking Graben, upward migration of hydrocarbons into shallower stratigraphic units has been documented by identification of different seismically detectable features such as vertical fluid conduits, pockmarks and gas accumulations [4] [5] [6] . Specifically seismic chimneys, derived from seismic anomalies may exhibit hydraulic connections between deep and shallow aquifers in the Nordland Group, whereby the main hypothesis about their formation assumes hydraulic fracturing due to an overpressure induced by the development of a hydrocarbon gas column below the low-permeable Nordland Shale barrier [4] [5] [6] [7] .
Different kinds of these vertical conduits have been determined worldwide [8] [9] [10] [11] [12] , whereby the term seismic chimney is widely used [4] . With regard to caprock integrity, the understanding of the mechanisms responsible for the formation of these seismic chimneys is crucial to assess their potential contribution to upward fluid flow from deep aquifers. Hereby, especially the quantification of parameters determining the hydraulic conductivity of these vertical conduits is the focus of our research. For that purpose, we investigated the most common hypothesis on seismic chimney formation, namely that assuming the development of a gas column below the Nordland Shale due to migration of hydrocarbon gases from the Jurassic source rocks [13] , by coupled hydromechanical simulations.
Hydromechanical model implementation
We applied a two-way coupled hydromechanical simulation model by integrating the numerical simulators MUFITS (BLACKOIL module) [14, 15] and FLAC 3D [16] as first introduced by Kempka and Tillner [17] and further discussed by Chabab and Kempka [18] and Kempka et al. [19] . Due to the lack of stress or strain relationships applicable to determine the Nordland Shale porosity, permeability and capillary entry pressure, we considered four simulation scenarios with specific permeabilities and capillary entry pressures to result from tensile failure, i.e., pore pressure exceeding the sum of minor principal stress and tensile strength. While relative permeabilities were maintained constant for the four investigated scenarios with values of 3 mD to 3000 mD ( Fig. 1) , capillary entry pressures were scaled as function of gas saturation according to Leverett [20] , based on the porosity and permeability present in the specific model element.
The numerical model was implemented in one dimension using the Sleipner Øst exploration well 15/9-9 data [21] with the aim to investigate the dynamics of tensile failure in the caprock as a result of the overpressure generation by buoyant forces of the steadily growing gas column (Fig. 2 ). For simplicity, the different sand and shale units found at the well location were integrated into three geological units, determined by averaged hydrogeological and mechanical parameters (Tab. 1), comprising the Nordland Group caprocks, the Utsira Formation and the Hordaland Group. Relative permeabilities (left, relative gas permeability k r,g and water permeability k r,w were chosen to be constant for all geological units). Capillary entry pressures applied for the Utsira Formation (Utsira Fm.) [22] and Nordland Group capillary entry pressures derived by Leverettscaling based on permeabilities denoted in the figure key and porosity of 0.1025 (right).
Spatial discretization of the numerical model comprises 200 elements with a thickness of 10 m at 110 m to 2110 m depth. The Hordaland Group has a constant pore pressure in the fluid flow simulations, acting as base for the mechanical model, while Dirichlet conditions with a gas saturation equal to one were applied to the lowest element of the Utsira Formation, providing a source term for the upward migrating hydrocarbon gas. The uppermost element of the Nordland Group is also determined by a constant pressure equal to the weight of the sea water column of 110 m height.
Fluid formation volume factor, viscosity and compressibility required to parameterize the PVT tables in the MUFITS BLACKOIL model were calculated using the methane equation of state developed by Setzmann and Wagner [23] and the IWAPS formulation [24] for a temperature of 33. and using a geothermal gradient of 0.0356 K/m and seabed temperature of 7
• C [25] . Dissolution of the hydrocarbon gas in formation water, temperature-related PVT changes and salinity were neglected due to their limited implication on the simulation results from a conservative point of view. A normal faulting regime with a horizontal-to-vertical-stress ratio of 0.627 was chosen according to Zweigel and Heill [32] ; however, it has to be pointed out that a high uncertainty in these data exist, since the closest reliable well with stress data is more than 250 km away from the study area [34] . Fixed velocities of zero are set perpendicular to the lateral model boundaries, while the velocity at the model bottom is additionally fixed to zero in z-direction. A constant stress equal to the weight of the overlying sea water column is applied to the uppermost model element. The single hydrogeological and hydromechanical models were first equilibrated to hydrostatic and mechanical equilibrium, respectively, and then executed in a coupled scheme. Fig. 3 show the development of gas saturation, pore pressure as well as minor and major principal stresses for the four investigated scenarios, determined by the permeability and capillary pressure changes occurring with tensile failure in the Nordland Group. The simulations were run until a mechanical disequilibrium was achieved, i.e., the pore pressure in the upper model elements exceeded the vertical stress. This state was generally achieved within a simulation time of less than two years, assuming an infinite migration of gas into the Utsira Formation from the hydrocarbon source rocks. Fig. 3 . Calculated stresses (major principal stress σ 1 and minor principal stress σ 3 ), pore pressure P p and gas saturation S g for the four investigated permeability-based simulation scenarios. Light yellow box marks depth of Utsira Formation.
Simulation results
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First, it has to be noted that tensile failure in the Nordland Group and Utsira Formation is occurring in any of the four investigated scenarios at depths where pore pressure and minor principal stress become equal. Consequently, potential fluid migration paths develop due to overpressure induced by the presence of the gas column and upward pressure propagation. While the gas saturation in the Utsira Formation is almost identical in all four scenarios, expect for the case 3 mD, where gas is accumulating below the Nordland Group, we recognize significant differences in the gas saturations present in the Nordland Group between the other three scenarios, whereby saturations decrease with lower permeabilities and the related higher capillary pressures. Hence, capillary entry pressure is the key parameter for gas migration via seismic chimneys into and through the Nordland Group, while permeability only determines at which time-scale gas migration occurs.
We would like to emphasize that upward gas migration in the 3000 mD, 300 mD and 30 mD cases is determined by the choice of hydromechanical boundary conditions, considering the limitation that pore pressure is not allowed to exceed the vertical stress in order to maintain mechanical equilibrium at the end of a coupling step. Consequently, one can assume that a full development of the seismic chimneys up to the top of the Nordland Group occurs in any of these three scenarios. However, significant differences in gas saturations develop in the Nordland Group in these three scenarios, depending on the capillary pressure, scaled using the initial porosity and updated permeability.
Discussion and conclusions
We investigated one common hypothesis on the formation of seismic chimneys in the Southern Viking Graben, North Sea, by coupled hydromechanical simulations. This hypothesis considers the formation of a gas column in the Utsira Formation due to gas migration from the Jurassic hydrocarbon source rocks to result in a formation overpressure, inducing tensile failure, and thus hydraulic conductivity in the overburden. Due to the general lack of experimental data on relationships between strain or stress to porosity, permeability and capillary entry pressure of the Utsira Formation and the entire Nordland Group, we considered four scenarios with different permeability changes occurring when tensile failure in the Nordland Group is experienced.
Our simulation results demonstrate that for permeability increases to a few tens of milliDarcies and above, seismic chimneys develop by tensile failure in the Nordland Group, assuming a continuous gas supply from the hydrocarbon source rocks. However, tensile failure is also occurring when lower permeabilities are assigned to the Nordland Group, whereby gas migration is hindered by relatively high capillary entry pressures, scaled to the updated porosity and permeability of the respective mechanically failed elements in the Nordland Group. These differences in capillary entry pressures are also responsible for different evolving gas saturations in the overburden, which may be used as an indicator for hydraulic properties by means of seismic monitoring methods. At this point, we want to emphasize that the seismic chimney development in our models is limited by the chosen hydromechanical boundary conditions at the model top, which may be addressed by the choice of different hydraulic boundary conditions in future modelling activities. However, we expect that the seismic chimneys develop up to the top of the Nordland Group for permeability changes resulting in tens of milliDarcies.
We tested different stress/strain-to-porosity/permeability relationships found in the literature [35] [36] [37] [38] with our model, resulting in a lack of enhanced porosities and permeabilities in the presence of tensile failure, even for maximum values of specific fitting parameters. The general lack in experimental data emphasizes that extensive scientific research is required in sample acquisition by offshore drilling campaigns, in situ and ex situ testing as well as combined monitoring to improve the understanding of seismic chimney implications on hydrocarbon gas leakage quantification in the North Sea by deriving realistic relationships between stress or strain and porosity, permeability and especially the capillary entry pressure as a key parameter for gas migration.
In addition to a revision of the upper hydromechanical boundary condition in the model, we aim to extend the 1D model to the second dimension, considering the spatial heterogeneity of the Nordland Group geological units in porosity and permeability, using a full-scale geological model available for the study area in the Southern Viking Graben [39] . This will allow us to validate the modelling results in terms of matching the diameter of the seismic chimneys generated by coupled hydromechanical modelling against available geophysical data.
